The objective of this work was to investigate the application of supercritical carbon dioxide as antisolvent for the co-precipitation of -carotene and poly(hydroxybutirate-co-hydroxyvalerate) (PHBV) with dichloromethane as organic solvent. For this purpose, the concentrations of -carotene (1 to 8 mg.cm -3 ) and PHBV (20 to 40 mg.cm -3 ) in the organic solution were varied keeping fixed temperature at 313 K, pressure at 8 MPa, solution flow rate at 1 cm 3 .min -1 and antisolvent flow rate at 39 g.min -1 . The morphology of co-precipitated particles were spherical with very irregular and porous surface for some conditions and very smooth surfaces for others as verified by micrographs of scanning electronic microscopy (SEM). Results show that it is possible to achieve encapsulation efficiency values as high as 35 % just manipulating the concentration ratio of solute to polymer in organic solution. The methodology adopted for the quantification of -carotene encapsulated was demonstrated to be adequate.
INTRODUCTION
Carotenoids are constituted by a great group of pigments present in nature. There are more than 600 different types of carotenoids but only 40 of them are present in foods. The most abundant are -carotene, lycopene, lutein and zeaxanthin. The main role of these compounds in human health is as vitamin A precursors, antioxidants that can lead to a decrease in risk of diseases as cancer [1] [2] [3] . They also are widely used in the food, cosmetic and pharmaceutical industries [1] . In the food industry, they are applied as colorants for color recovering lost during processing and storage and, as well as color standardization of some products.
Due to their above mentioned functional activities, carotenoids can also be added in food products in order to increase the functionality of foods. Many important chemical compounds responsible for food aroma, specific color and photoprotection are derived from carotenoids [4] . The presence of small amounts of carotenoids in the foods still can help to prevent from the fast oxidation of lipids present in foods, quenching singlet oxygen [5] .
Due to high unsaturated chain, extended exposition to light, heat and acids may cause isomerization of trans-*Address correspondence to this author at the Instituto de Tecnologia e Pesquisa-ITP, Programa de Mestrado em Engenharia de Processos PEP/UNIT, Campus Farolândia, Av. Murilo Dantas, 300, Aracaju, SE, 49032-490, Brazil; Fax: +55-79-32182190; E-mail: elton@itp.org.br carotenoids, the (stable form), to cis form, promoting slight loss of color and pro-vitamin activity. They also are susceptible to enzymatic and non enzymatic oxidation and this reaction depend on the carotenoid structure, oxygen availability, and presence of enzymes, metals, prooxidants and antioxidants [5] .
Different from synthetic carotenoids, the ones obtained from natural sources (microorganisms and nature) are easily oxidized [6] and their oxidation products afford small or negligible pigmentation, pro-vitamin and quenching of singlet oxygen activity [7] .
Formulations of polymer and active compounds in the micrometric range are gaining increasing interest by food industries for the development of high quality products, shelf-life increase of perishable foods and incorporation of vitamins and nutraceutical compounds in some foods. Such formulations are made, generally, by some active compound impregnated or encapsulated in a biopolymer. These compounds can act as anti-microbial agent, enhancing the color and taste or even as supplement in human health. Conventional techniques employed to obtain such formulations becomes onerous in providing inputs with high purity and adequate characteristics for food use. Rigid regulations in the use of organic solvents and their residual values in the final products are the main restriction of these techniques [8] .
Regarding the encapsulation of active compounds, there are basically two methods: the compound can be covered by a polymer thin layer or the compound and polymer can be co-precipitated generating fine particles of the active compound impregnated into polymeric particles. The encapsulation, also called micro or nano-capsules, occur when the active compound to be encapsulated is suspended into a polymeric solution and then the polymer is precipitated recovering the active compound particles. The co-precipitation occurs when the compound to be encapsulated and the polymer are dissolved in an organic solvent or solvent mixture and simultaneously precipitated [9, 10] . In the last method, according to literature, the more important variable that affects the morphology, the encapsulation efficiency and yield is the ratio between the concentration of polymer and active compound into organic solution [11, 12] .
There is a range of polymers that can be employed to encapsulate bioactive compounds, due to their biocompatibility and biodegradability. Several biopolymers were already used to encapsulate pharmaceutical compounds [9, 13] , proteins [14] [15] [16] , and carotenoids [3, 17] . The polymer used for encapsulation plays a crucial role, because the polymer characteristics determine the release of the encapsulated solute. The delivery can occur in two ways: diffusion or degradation release. The first mechanism takes place when the incorporated compound passes through the polymer pores or through the polymer chain. Degradation release occurs when a polymer degrades within the food matrix, as a result of natural biological process such as hydrolysis. In this case, the polymer degradation is strongly dependent on the chemical structure and molecular mass of the polymer [13] .
Polyhydroxyalkanoates (PHA) are polyesters produced by microorganisms under unbalanced growth conditions. PHA is generally biodegradable, with good biocompatibility, hence an attractive polymer for use as encapsulating agent [18] . The most common type of PHA is poly (3-hydroxibutirate) (PHB). However, PHB is stiff and brittle thus restricting its range of application. On the other hand, PHB copolymers with 3-hydroxyvalerate (PHBV) are less stiff, tougher and crystalline [19] . The use of PHBV in biomedical field has increased mainly due to the fact that it is possible to prepare an appropriate controlled drug delivery system that gradually degrades in the body [18] . Thus, the copolymer PHBV can also be used as encapsulation medium for the protection and controlled delivery of carotenoids in foods.
The particle formation and encapsulation using traditional techniques (spray-drying, coacervation, freeze-drying, interfacial polymerization, etc.) can suffer from some drawbacks like poor control of particle size and morphology, degradation of thermo sensitive compounds, low encapsulation efficiency, and/or low yield.
In this sense, several supercritical fluid-based techniques, employing mainly carbon dioxide, have been proposed to explore the solvent strength, the high diffusivity and the near-zero interfacial tension that are peculiar in the vicinity of the critical point [20] . The use of supercritical or near critical fluids as solvents or antisolvents for particle precipitation/encapsulation was considered useful tools to modify of material properties such as particle size, size distribution and morphology. Another advantage of such techniques is the efficient separation of the solvent and antisolvent of the particles after precipitation, preventing organic solvent residues in the final product and permitting reutilization of solvent and antisolvent [21] .
In this context, the objective of this work was to investigate the effect of -carotene and PHBV concentrations in organic solution on the encapsulation efficiency and encapsulation yield of -carotene into PHBV by the coprecipitation of them using the SEDS technique employing supercritical carbon dioxide as anti solvent and dichloromethane as organic solvent. All other variables (temperature, pressure, solution and antisolvent flow rate) were kept constant based on previous works of the group [22] [23] [24] . The morphology of precipitated powders was characterized by scanning electronic microscopy (SEM) and the percentage of encapsulation and encapsulation efficiency was verified by UV-vis spectrophotometry.
EXPERIMENTAL Materials
Trans--carotene, with a purity of 95 %, was purchased from Sigma-Aldrich (USA). Dichloromethane (DCM -99.5 %) was purchased from Merck (Germany), carbon dioxide (99.9 % purity) was supplied by White Martins S.A., and the co-polymer Poly(3-hydroxybutirate-co-hydroxyvalerate) (PHBV), with molar mass (M w ) of 196 000 and polydispersity index of 1.85, was kindly supplied by the PHB Industrial S.A. All materials were used as received. Fig. (1) presents a schematic diagram of the experimental apparatus employed for co-precipitation of -carotene and PHBV using the SEDS technique. Briefly, it consists of a cylindrical vessel, with an internal volume of 600 cm 3 and internal diameter of 8 cm, which was used as precipitation chamber (PC); two syringe pumps for CO 2 displacement (ISCO, Model 500D), operated independently by a set of ball valves -V1 to V4 (Swagelok, Model SS-83KS4), and a digital HPLC liquid pump (Acuflow, Series III) used for organic solution delivery.
Co-precipitation Apparatus and Procedure
The organic solution was sprayed into the precipitation chamber at a flow rate of 1 cm 3 .min -1 through a silica capillary fusing tube, with an internal diameter of 100 μm, connected to a polyetheretherketone tubing (Peek Tubing, Upchurch Scientific). This arrangement was linked to a BPR (back pressure regulator, GO-Regulator, Series BP-66, Model 1A11QEQ151) and to a tee (T) connector (Swagelok), to link the antisolvent and the solution flows.
During the experiments, the temperature in the precipitation chamber was kept constant at 313 K by an ultrathermostactic bath (Nova Ética, Model 521/2D), while the pressure was controlled at 8.0 MPa by two needle valves (HIP, Model 15-11AF1). The first valve (V5) controlled the antisolvent flow rate (39 g.min -1 ), while the other one controlled the depressurization. A second vessel (SC) connected after valve V6 was used to keep the stream that leaves the precipitation chamber at a relatively low pressure (about 4 MPa) to prevent the blockage of such valve. A system used for powder collection was located in the bottom of the precipitation chamber, and was composed by sintherized metal filter (superficial porosity of 1.0 μm) as a support to the polytetrafluorethylene membrane filter linked to a high density poly-ethylene support (Millipore, model FGLP with a porosity of 0.22 μm).
The experimental procedure started with CO 2 filling the precipitation chamber up to the desired pressure. The antisolvent flow rate was controlled by setting V5 and V6 valves, and monitored by the syringe pump. When the temperature, pressure and antisolvent flow rate were stabilized, the organic solution was added through the capillary tubing. The pressure for solution spray into the precipitator was controlled by BPR manipulation and monitored by the liquid pump. The solution volume added to the chamber was 20 3 , enabling the collection of sufficient amount of precipitated powder for analysis. After the solution was added, near 800 cm 3 of CO 2 was continuously flowed inside the precipitation chamber in order to dry the precipitated particles. The precipitation chamber was then slowly depressurized to atmospheric pressure and particles were collected and stored at appropriate conditions for subsequent analysis and characterization. A more detailed description of the apparatus and experimental procedure can be found elsewhere [22, 23] .
Co-Precipitation Conditions
The literature reports that the most important variable affecting the percentage of encapsulation (PE%) and encapsulation efficiency (EE%) is the concentration ratio between the compound to be encapsulated and the polymer in the organic solution. Therefore, in this work the parameter values adopted for co-precipitation of -carotene and PHBV, based on previous results [24] that afforded the smaler particle size of -carotene (3.2 μm), were: temperature of 313 K, pressure of 8.0 MPa, solution flow rate of 1 cm 3 .min -1 and antisolvent flow rate of 39 g.min -1 . These parameter values were maintained constant for all experimental conditions. The effect of -carotene and PHBV concentration into organic solution was investigated between 1 to 8 mg.cm -3 and 20 to 40 mg.cm -3 , respectively. Concentration values of -carotene were based on the work of Tres et al [25] , while polymer concentrations were based on results obtained by our group, not published yet. The concentrations ofcarotene and PHBV varied in the organic solution gave the objective of study the influence of different concentrations of -carotene and PHBV into organic solution on the percentage of encapsulation (PE%) and encapsulation efficiency (EE%). The experimental conditions investigated in this work are summarized in Table 1 .
Analysis and Characterization
Co-precipitated particles were analyzed by a Shimadzu model SS-550 Superscan scanning electron microscope (SEM) to determine particle morphology and shape. Particle size and particle size distribution of the co-precipitated were measured by the Size Meter software (version 1.1), using at least 500 particles for each experiment.
To determine the percentage of encapsulation, the literature reports different techniques, like the high performance liquid chromatography [9, 13, 26] and UV spectrophotometry [17, [27] [28] [29] . In this work the percentage of encapsulation was verified by an UV-Vis spectrophotometer.
The amount of -carotene encapsulated was determined by the following procedure: initially, a sample of coprecipitated -carotene and PHBV was weighted (between 5 to 35 mg) in an analytical balance with precision of 0.00001g (Mettler Toledo, model XS205 Dual Range) and was added to different volumes of acetone to remove nonencapsulated -carotene. The suspensions of co-precipitated into acetone were ultrasonicated at different times; the selected times were 0, 0.5, 1, 2 and 3 minutes based on literature data that employed different agitation times and reported different percentage of encapsulation [9, 13, 17, [27] [28] [29] . After ultrasonication all samples were filtered using a membrane filter with porosity of 0.22 μm (Millipore, model FGLP). The zero time was a condition not submitted to ultrasonication and in this case a mass of co-precipitated was suspended in acetone and filtered. After filtration, retained sample was dried at controlled temperature (323 K) and vacuum for 24h. Afterwards, the dried powder was dissolved in dichloromethane and the solution was analyzed in a spectrophotometer (Agilent UV-visible, model 8453DE). The absorbance of -carotene was measured at 460 nm. Comparing the results with a pattern curve of absorbance vs. concentration of -carotene in the solvent, the percentage ofcarotene encapsulated (PE%) and the efficiency of encapsulation (EE%) in each experimental run were evaluated by the following expressions [9] :
mass of -carotene encapsulated (mass of -carotene + mass of PHBV) after filtration 100 (1)
percentage of -carotene encapsulated theoretical percentage of -carotene encapsulated 100
where the theoretical percentage of -carotene encapsulated is the ratio between the mass of -carotene and the total mass of -carotene and PHBV used in the co-precipitation experiments, which means that the maximum -carotene encapsulated will correspond to the theoretical percentage of encapsulation.
Starting 
where PE% denotes the percentage of encapsulation given by the empirical model, A 1 , A 2 and A 3 are adjustable parameters and time is in minutes.
RESULTS AND DISCUSSIONS
The main idea for co-precipitation is that the particles of the core material precipitated are smaller than those of the encapsulating material. In this sense, it was chosen the best result obtained in our previous work on precipitation of pure -carotene using the SEDS technique [24] . In that work, the variable values that gave the smaller particle size ofcarotene (3.2 μm) was: temperature of 313K, pressure of 8.0 MPa, solution flow rate of 1 cm 3 .min -1 and antisolvent flow rate of 39 g.min -1 . In this work, the same variables and their values were used and the co-precipitation of -carotene and PHBV was carried out using dichloromethane as organic solvent and supercritical carbon dioxide as antisolvent employing the SEDS technique. As the literature points out that the more important variable that affect the percentage of encapsulation and the encapsulation efficiency is the ratio between solute and biopolymer in organic solution, the effect of -carotene and PHBV concentration into organic solution was investigated from 1 to 8 mg.cm -3 and 20 to 40 mg.cm -3 , respectively. For the determination of -carotene encapsulated, samples were submitted to ultrasonication and Equation 1 was employed. Results in terms of percentage of -carotene encapsulation (PE%) and encapsulation efficiency (EE%) are presented in Table 2 . Table 2 shows that as ultrasonication time increases the percentage of encapsulation decreases. A notable decrease is observed comparing the percentage of encapsulation of the samples that are only suspended in acetone and filtered with the samples that were ultrasonicated for 0.5 minutes. It can be also observed that the percentage of encapsulation increases with the increase in -carotene concentration into the solution.
When the mass percentage of -carotene is kept constant regarding the total mass of -carotene plus PHBV, the conditions where the solution was more concentrated incarotene gave the highest percentage of encapsulation. For example, comparing the co-precipitation condition atcarotene and PHBV concentrations of 2 mg.cm -3 and 20 mg.cm -3 respectively, into organic solution with the condition at -carotene and PHBV concentrations of 4 mg.cm -3 and 40 mg.cm -3 , respectively into organic solution, it can be observed that in the more concentrated solution the percentage of encapsulation for the different ultrasonication times is higher than of the more concentrated solution.
In the more diluted solution, with -carotene concentration of 2 mg.cm -3 (experimental condition 4), as the concentration of -carotene is smaller than the experimental condition with -carotene concentration of 4 mg.cm -3 (experimental condition 13), the precipitation kinetic is slower, having more polymer particles to be precipitated than -carotene particles, leading to the precipitation of -carotene onto polymer surface of precipitated particles. In the experimental condition 13, the concentration of -carotene in organic solution is higher than that of the experimental condition 4, leading to a faster precipitation kinetic of -carotene. Thus, -carotene and polymer precipitate simultaneously, causing the encapsulation of -carotene into polymer particles.
Other assumption that might explain this phenomenon is the porosity of the polymer particles generated during the coprecipitation. More porous polymer particles allow the solvent employed to remove the non-encapsulated -carotene to enter into the pore of the polymer particles and dissolve even the encapsulated -carotene. Fig. (2) shows SEM micrographs of the experimental co-precipitation conditions with -carotene and PHBV concentration of 2 mg.cm -3 and 20 mg.cm -3 , respectively ( Fig. 2A) and at -carotene and PHBV concentration of 4 mg.cm -3 and 40 mg.cm -3 , respectively (Fig. 2B) .
As can be seen from this figure, for the more diluted solution ( Fig. 2A) the polymer particle size was around 15 μm and for the more concentrated solution (Fig. 2B ) the polymer particle size was about 50 μm. Increasing the polymer concentration into organic solution leads to an increase in particle size. Polymer particles of larger sizes are more susceptible to encapsulate the fine -carotene particles. In Fig. (2A) it can be seen several particles of -carotene attached on the surface of polymer particles, demonstrating that the precipitation kinetic of -carotene in the more diluted solution is slower than that in more concentrated solution, that in turns does not present -carotene particles attached on the surface of polymer particles. The percentage of encapsulation and encapsulation efficiency data are presented in Table 4 for all experimental conditions. The results of percentage of encapsulation were evaluated according to the time of ultrasonication, as presented in Fig. (3) , which also shows the curve of the empirical model generated by data regression of experimental condition at -carotene and PHBV concentrations of 8 mg.cm -3 and 20 mg.cm -3 respectively.
As can be observed from this figure, a sharp decrease in the percentage of encapsulation is noted for small ultrasonication times. The behavior observed for all other coprecipitation experiments was similar to that shown in Fig.  (3) , which is quite similar to the kinetic curves obtained from supercritical extraction of vegetable matrices, when the mass of extract is plotted against extraction time. Here, the percentage of encapsulation vs. ultrasonication time for the re- In this sense, the methodology adopted here for the calculation of the percentage of encapsulation and encapsulation efficiency makes an analogy to the supercritical extraction technique. As described in the literature [30, 31] there are three extraction steps: the first one takes place at constant rate, where the external surface of the particles is covered with (free) solute to be extracted. Thus, this amount of solute will be easily extracted and the resistance to mass transfer is in the solvent phase. The second step is a decreasing extraction rate, in which the majority of solute present on the particle surface has been extracted, thus, the extraction is due to convection and diffusion across the particle pore. The third step is totally controlled by solute diffusion across the pores up to the particle surface. The three steps are present in the curve (Fig. 3) . At the beginning, there is a linear and fast decrease of the percentage of encapsulation, meaning that only free -carotene or weakly attached solute on the polymer particles is removed. If samples of the co-precipitated are left more time under ultrasonication, then begins the dissolution of -carotene partially encapsulated and, for larger times start takes place the removal of encapsulatedcarotene by diffusion across the pores of the polymer particles. For the determination of the real percentage of encapsulation it was assumed that in the linear step only notencapsulated -carotene was removed and a tangent was taken at the zero time of ultrasonication. The tangent was extended up to abscissa-axis, thus allowing the determination of the time needed to remove the non-encapsulatedcarotene. Table 3 presents the time needed to remove the non-encapsulated -carotene and the adjustable parameters of Equation (3) for all experimental runs. With such information it is possible to determine the percentage of encapsulation for all experimental runs of co-precipitation.
The values of the percentage of encapsulation and encapsulation efficiency are presented in Table 4 , that also presents the -carotene and PHBV concentration into organic solution.
The percentage of encapsulation was in the range of 0.37 to 7.92% depending on the experimental co-precipitation condition ( Table 4) . The encapsulation efficiency varied between 16.7 and 34.7%. The experimental condition that presented the smallest percentage of encapsulation was atcarotene concentration of 1 mg.cm -3 and PHBV concentration of 40 mg.cm -3 . In this condition, due to the high polymer concentration, the biopolymer precipitated as big spherical particles. For the solute, however, the -carotene precipitation probably do not happen due to the low concentration into organic solution. For the lowest concentration (near 1 mg.cm -3 ) of -carotene into organic solution, the CO 2 may have acted as co-solvent. Thus, the encapsulated -carotene determined at -carotene concentration of 1 mg.cm -3 and PHBV concentration of 40 mg.cm -3 into organic solution and for the other conditions where the -carotene concentration was approximately 1 mg.mL -1 can be due to the high pressure impregnation of -carotene into polymer particles as the -carotene dissolved in the organic solvent + CO 2 mixture may be carried into the polymer particles remaining retained inside it.
The experimental run that presented the highest percentage of encapsulation was at -carotene concentration into organic solution of 8 mg.cm -3 and PHBV concentration of 20 mg.cm -3 . Obviously, this is a condition for which the concentration of -carotene into organic solution is close to saturation. In this case, according to the pure -carotene precipitation, a high -carotene concentration into organic solution leads to smaller precipitated particles compared to dilutedcarotene solutions. Thus, these fine particles can be easily covered by the polymer particles. In this experimental condi- tion (run 1) the encapsulation efficiency was not the highest probably due to the fact that most of the -carotene particles generated was not totally covered by the polymer as can be seen in Fig. (4) that report SEM micrographs of experimental condition with -carotene concentration into organic solution of 8 mg.cm 3 and PHBV concentration of 20 mg.cm 3 .
As showed in Fig. (4A) , part of -carotene precipitated was attached onto the surface of the polymer particles and partially covered. In Fig. (4B) on the other hand there is not evidence of -carotene particles on surface of polymer particles. However, the polymer particles seem to present a very high superficial porosity, indicating that part of -carotene encapsulated might have been extracted during the removal step of non-encapsulated -carotene.
The experimental condition with the best encapsulation efficiency was that where -carotene and PHBV concentrations into organic solution were 4 and 30 mg.cm -3 , respectively. These conditions allowed the simultaneous precipitation of -carotene and PHBV and thus a more efficient encapsulation of -carotene into PHBV particles (Fig. 5) .
From Fig. (5A) it can be observe that the amount ofcarotene deposited on the surface of PHBV particle is smaller than that presented in Fig. (5B) . In the last figure it is possible to observe that the particle surface is very smooth, with apparent no pores, meaning that in the removal process of non-encapsulated -carotene, the encapsulated one was not extracted from the polymeric particles. 
